Inflatable communication antennas are the subject of current space research because of their potential for enabling high-bit-rates. However, a significant problem associated with inflatable technology is the "all-ornothing" scenario, where success of the mission depends on successful deployment of the antenna. For this reason, few satellite programs are willing to take the risk of using an inflatable unless it is mission enabling. The Hybrid Inflatable Antenna, a concept developed by the Johns Hopkins Applied Physics Laboratory and ILC Dover, addresses the risk by providing a backup capability within the inflatable dish. This system combines a fixed parabolic dish with an inflatable reflector annulus that greatly increases antenna area. For example a 1-meter diameter dish can be increased to 4-meter resulting in a 16X improvement in reflector surface. A dual feed ensures operation of the smaller fixed dish throughout the mission providing a "risk buffer" to the inflated dish. The inflatable annulus is stowed compactly under the fixed dish prior to launch to fit a variety of spacecraft and launch vehicle envelopes. Moderate gas pressure deploys the annulus and support tubes.
INTRODUCTION
Development of the Hybrid Inflatable Antenna § (HIA) concept provides a scaleable high gain antenna architecture that can have very high payoff for many government and commercial spacecraft in terms of savings in mass, volume, and cost. This concept significantly enhances RF performance above conventional fixed spacecraft antenna systems by greatly expanding the reflector surface. An inflated 4-m HIA could return a bit rate on the order of 1 mbps from deep space with a 30-w Ka-band amplifier. It enables real-time interactions between principle investigators on earth and astronauts on the international space station. This antenna can benefit users with the delivery of remote sensing imagery around the world and enables low cost scientific investigation, human exploration, and commercial ventures in space.
Figure 1. Deployed Hybrid Inflatable Antenna
The Hybrid Inflatable dish Antenna (HIA) is a compilation of a traditional rigid parabolic antenna with inflation deployed in-situ rigidized reflector and support structures ( Figure 1 ). It provides a large inflated aperture to meet performance requirements, while providing a redundant high gain antenna capability in the event of a deployment anomaly, to ensure mission success. add an inflated annulus with little increase in the stowed volume. The HIA system stows very compactly under the rim of the fixed dish. The deployed inflatable reflector is manufactured from a composite material that is flexible so that it can be folded for packaging into a small volume (Figure 3 ). Missions that require large reflector area can use small launch vehicles and obtain a significant cost savings. Additional mass savings, compared to mechanically deployed antenna systems, are due to the simplicity and compactness of the gas deployment system. The inflated portion of the antenna is 2.0 kg/m 2 and shows promise for being even lighter. A significant cost savings is possible for this design versus mesh type deployable reflectors because the deployment system is uncomplicated, it is fabricated with low cost tooling and assembly techniques, and it can utilize existing spacecraft subsystems for gas deployment.
Figure 2. Stowed Configuration of the Hybrid Inflatable Antenna
Once deployed via an inert inflation gas (dry nitrogen), the composite materials of the reflector surface and support tubes are made rigid through exposure to heat or a similar chemical trigger that rigidizes the composite material. This allows the inflation gas to be vented in a non-propulsive manner leaving a rigid composite reflector for long duration use. This concept might be applied to a typical 1-m dish to increase its diameter to 4 m or more.
A prototype HIA is currently in development and test to demonstrate Ka band accuracy for a 2-m inflated reflector torus. This work is collaboration between APL and ILC Dover Inc. Construction of the first 2-m reflector has been completed and successfully demonstrated the high level accuracy required for the HIA. The prototype consists of a 0.5-m-diameter rigid reflector surrounded by a 2-m-diameter inflatable annulus. After inflation, the shape of the annulus was precisely determined by Mission Research Corporation using a Metricvision® 100b coherent laser radar system. From these measurements, the errors between the inflated surface and the tooling used to create it were determined. More importantly, the prototype has demonstrated that the fabrication techniques developed by ILC eliminates Henkle curve distortions normally associated with membrane-inflatable parabolic dishes. Surface distortions are random and overall value of 1.1 mm σ has been achieved. This distortion includes large errors near the inner and outer rims. Another important feature of this dish is that focus of the inflated antenna is consistent with that of the tooling mandrel and does not exhibit significant change with gravity effects.
Multiple benefits can be achieved from developing precision inflatable space structures such as the HIA. This new technology has great potential for increasing RF gain, and decreasing mass and cost. These benefits can enable spacecraft missions that have increasing demands for power and data. Inflatable solar arrays, solar sails, and optical systems can benefit from the advances being made on this project. The Hybrid Inflatable Antenna is an important evolutionary step towards getting flight demonstrations of this emerging technology. 
PROJECT GOALS AND OBJECTIVES
The purpose of the current development is to further mature inflatable technology through design and fabrication of a proof-of-concept engineering model of the Hybrid Inflatable Antenna. The primary objectives of prototype fabrication are to utilize a rigidizable material developed by ILC in a new manufacturing procedure related to the fabrication of the inflatable reflector and to demonstrate the feasibility of meeting the surface accuracy requirement of a Ka band reflector using this design approach. For this prototype, in order to conserve funding, a representative structure is built to simulate rim torus and rigid dish interfaces. Technology for accurate rim torus fabrication has been developed in past programs at ILC and this project focused on the technology of accurate surface fabrication and inflation. Again, the major effort of this project is on the design, development, and fabrication of the inflatable reflector portion of the antenna.
The HIA is a natural extension of ILC Dover's previous work performed on inflatable and inflatable rigidizable antennas. One such program is the Rigidizable Lenticular Antenna program. In this program, ILC designed, manufactured, and rigidized two 1.2-meter diameter prototype antennas in a vacuum chamber ( Figure 5 ). The goal of the program was to determine if a parabolic shape could be maintained when the antenna was rigidized. Surface accuracy profiles indicated that the parabolic shape was maintained without gross distortions during rigidization. The lessons learned from these projects were factored into the design of the HIA. The factors relevant to the HIA are:
• A characteristic Hencky curve distortion profile is common when an un-reinforced membrane parabolic surface is inflated.
• Non-uniformity of the RF reflective surface (VDA coated Kapton) can occur during rigidization of the reflector.
• Movement of the reinforcement fibers during rigidization can affect shape accuracy. 
PROTOTYPE DESIGN AND FABRICATION
The development of the prototype antenna shown in Figure 6 has resulted in a number of innovative approaches in order to minimize surface distortions for the inflated reflector surface of the antenna. Early in the project, the team recognized the importance of a precision mandrel to form the inflated surface. The surface accuracy of the mandrel was specified with K a -band (26 GHz) operations in mind. At this frequency, the tool surface must lie within ±0.5 mm of a parabolic shape antenna. Materials and fabrication techniques used on this project were a culmination of previous ILC Dover research into fabricating accurate inflatable surfaces. Past techniques along with utilization of state-of-art materials has resulted in the following high accuracy antenna construction.
A 2-m HIA prototype was fabricated of three subassemblies namely the reflector interface assembly, the inflatable reflector assembly, and the test fixture, which simulates the inflatable support structures. A dish interface assembly was designed to clamp securely and accurately the inner rim of the inflatable reflector dish.
The inflatable reflector dish consists of the Canopy, the Center Partition, the Bladder, the Composite layer, Outer Rim Reinforcement, and Catenary Edge Reinforcement ( Figure 7 ). All the layers are assembled from computer generated gore patterns. Mylar® is selected as the material for the canopy, center partition, and bladder because of its RF transparent property.
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The shape of the Canopy is a mirrored image of the composite layer along the line of the Center Partition. The Canopy is assembled from 8 gores of 1 mil thick Mylar® with butt and tape seams. With the system positioned as shown in figure 7 , the Canopy is the upper most layer. The inner rim of the Canopy is clamped in between the top and bottom interface rings and the outer rim is joined to the rest of the assembly stack to create a gas retaining system. For the prototype, the inflation port and the gauge port are bonded to the canopy. For a future flight system, inflation/vent and gauge ports would be integral to the center support of the reflector.
The next layer down from the canopy layer is the Center Partition layer. This layer, which is the primary load carrying membrane, is conical in shape with a catenary edge to transition membrane stress into concentrated loads around the perimeter. The bladder layer, which is the third membrane layer, and the canopy form the annulus inflation chamber. It is sandwiched between the center partition and the composite layer with inner and outer rims intimately bonded to those layers. Furthermore, it is assembled from 24 gores of ½ mil Mylar.
Strength composite layer is assembled from 8 gores of uncured composite prepreg. The gores are seamed together and formed on the parabolic mandrel using an ILC proprietary process. The outer and inner rims of the composite layer are fixed in the process. The outer rim is further reinforced with film layers for added Strength. The process of assembling the gores prevents the fiber from shifting and retains the parabolic shape when inflated. This approach eliminates the potential for appearance of the "Hencky curve", or w-shape distortion of the parabolic reflector. The effect is often noted in film reflectors and limits their practical use.
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ANALYSIS
The design analysis portion of the task included the shape analysis, which fully characterized the parabolic curve, the determination of the inflation pressure and the associated stresses, and the sizing of the tensioning mechanisms. See Table 1 for nomenclature used.
Shape analysis-The parabolic shape of the inflatable reflector was generated by the PRO/Engineer ® computer aided design package. The generated curve was checked mathematically using the parabolic curve equation (equation 1) at several points along the curve.
Equations (1) through (5) were solved to fully characterize the parabolic curve for further analysis. Equation (1), written with y as a function of x, is the parabolic equation with vertex at the origin. The parabolic curve opens in the positive y-direction and is symmetric about the y-axis. The symbol d f is the distance from the focus to the vertex of the parabola.
Equation (1)
Equation (2) is the slope of the line that is tangent to the parabolic curve at the given point (x, y(x)).
Equation (2)
Equation (3) defines the y-intercept of the line perpendicular to the tangent line at the point (x, y(x)).
Equation (3)
Equation (4) defines the radius of curvature of the parabola
Equation (4)
Where, κ(x), which is the curvature, equals to Equation (5) is the length of the normal between the point (x, y(x)) on the shell and the axis of rotation, or for our particular case the distant from the point (x, y(x)) to the y-intercept.
Equation (5)
Inflation Pressure -After the parabolic curve is fully defined, inflation pressure and membrane stresses could be solved using the following equations. Equation (6) and (7) are meridional and circumferential stresses respectively.
Equation (6) Equation (7) To calculate the minimum required inflation pressure, equation (6) is rearranged to solve for internal pressure (q), where q min is equal to Equation (8) (N) is the membrane stress required to unfold the composite from a 180 degree fold to flat. The membrane stress (N) is obtained experimentally. R 2min is minimum R 2 of the inflatable reflector dish. For this prototype, R 2min equals to 1.62 meter, which is located at x = 0.25 m. The minimum required inflation pressure was determined to be 54.5 Pa. With this in mind, the inflation pressure was set to 60 ± 6 Pa [approximately 0.25 inches of water with ± 10% tolerance].
Spring Sizing -With inflation pressure determined, catenary termination attachments are sized assuming equilibrium condition ( Figure 9 ).
Figure 9. Free Body Diagram of the Inflatable Reflector Outer Rim
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Solving the equilibrium equations for the tension force F, we have: Equation (9) Where, And the resultant load (P) in the y-direction equals to:
Equation (10) The load at each catenary point is determined by dividing the resultant load (P) by the number of catenary points. For the prototype, it has 24 catenary points. Based on the result of the calculation, a 31.15 N [7.00 lbf] constant force spring is required at each catenary point.
ACCURACY MEASUREMENTS
In order to ensure that the inflatable reflector could meet the surface accuracy goal, manufacturing tools were designed and carefully fabricated. Measurements were taken of the tooling surface and the parabolic dish surface using a state of art laser radar system.
Tooling Mandrel Construction-
The mandrel is composed of the positive parabolic shaped mold with a wooden platform box (Figure 10 ). The parabolic positive shaped mold was 2.00 meters in diameter, 0.4 F/D, with tolerance goal of ± 0.38 mm (0.015 inches) total deviation. The computer-generated surface was verified at several locations against the mathematical equation. The finished surface was primed and sanded to #220 grit and laser tracked for accuracy verification. The measurement of the tool surface showed a 799 mm focus with a 0.1 mm σ (Standard Deviation) surface. With sufficient funding, the parabolic mandrel could be fabricated from more stable material and machined to much closer tolerance in the future.
Figure 10. Parabolic Mandrel
Test Fixture Design and Fabrication-In lieu of an inflatable rigidizable structure, the test fixture was designed to take on the multiple duties of working as the manufacturing aid for membrane integration, the tensioning torus structure, and the test fixture for accuracy measurement and RF test range. (Figure 11 ). The test was performed at the facility of ILC Dover, Inc. The test equipment is a portable coordinate-measuring machine, which uses a broadband frequency modulated infrared laser, capable of measuring three-dimensional features with accuracy of ± 25µm (± 0.001 in) at 10 meters and ± 2.5 ppm above 10 meters. The equipment consists of a mobile workstation, which allows direct software control of the measuring laser.
Surface Accuracy Measurements -Mission
This feature enables fast measurement, adjustment of the reflector, and remeasurement of the same point to see the effect of the adjustment.
Figure 11. Surface Accuracy Measurement in Progress
One of the major concerns of measuring surface accuracy of a large inflatable on Earth is the effect of gravity. To deal with this concern, surface accuracy measurements were taken in three positions. The first measurement was taken as shown in Figure 11 with the center axis of the parabolic reflector positioned perpendicular to gravity. Then two other measurements were made with the center axis of the parabola parallel to gravity, but with one concave up and the other concave down. The effect of gravity can be clearly observed, particular in the concave up and concave down cases. In both cases, the outer rim moved in the The first step of the accuracy test is the establishment of reference coordinates in space. This is accomplished by strategically locating four tuning balls around the test fixture. Then the infrared laser is properly located in relation to the test article. The relative locations of the tuning balls are mapped and stored for post testing evaluation and for coordinating data of multiple maps. Next, a circular boundary around the reflector is established to allow automated data collection within the defined boundary. This automatic feature enabled fast data collection and fast feedback on reflector adjustment. After the system is tuned and the boundary defined, a quick preliminary mapping run was conducted to see where and how the reflector should be adjusted.
The initial run called "Surface 1 Data" is presented in Figure 12 . The initial run produced a result of 782 mm (30.798 in) focus with 1.7 mm σ. After several intermediate runs and adjustments, the final run called "Surface 8 Data" was taken ( Figure 13 ). Significant improvement can be observed when comparing the initial run with the final run. The final run produced a result of 796 mm focus with 1.1 mm σ. Due to time and funding constraint no further adjustment and measurement was done at this time. 
CONCLUSION
The Hybrid Inflatable Antenna concept will appeal to mission planners desiring additional communication capability because of its potential as a very large reflector. Also, the dual antenna combination provides opportunity for simultaneous uplink and downlink and dual frequency systems. Having the backup capability gives this HIA system a "risk buffer" and it will be better positioned to demonstrate state-of-art technology. For near term missions, technology demonstrations of deployment accuracy, rigidization techniques, membrane survivability, etc. can be performed using the HIA.
Surface measurement taken from the HIA prototype has demonstrated that high accuracy inflatable reflector surfaces are achievable with the proper tooling and fabrication techniques.
From the paraboloid measurement data, the significant improvement of this concept in comparison to non-rigidizable parabolic membrane concepts can be clearly observed. The "Hencky curve" distortion, usually associated with inflatable membrane paraboloids, has been eliminated. This is due to the unique material lock method developed at ILC Dover. The dish surface does not behave as a membrane and does not exhibit a w-shape large curve distortion. For a "first-off" prototype, the 1.1 mm surface accuracy was extremely good. Using lessons learned from this project, future builds of this antenna will yield even better accuracy. The Hybrid inflatable antenna has proven to be a key platform for demonstrating future precision inflatable system. 
